Abstract. Convolution methods for modelling of astronomical seeing effects have been investigated. The advantages and disadvantages of several techniques are discussed, and particular attention is given to the fast Fourier transform (FFT) method. This method is then applied to two classes of problems, the structure of cores of elliptical galaxies, appearance of distant galaxies and the consequences of seeing effects in some cosmological tests. Estimates are presented for dimming of the central surface brightness and changes in the apparent core radius for elliptical galaxies, as well as seeing-induced changes in ellipticity. Modelling of galaxies with stellar nuclei has also been performed. Some consequences of these effects in investigations of dynamics of elliptical galaxies are addressed briefly. The influence of seeing in observational cosmology is discussed in the context of Hubble diagram (m-z) tests. It is shown that inadequate compensation for seeing effects can seriously distort the conclusions in such tests. Some suggestions for future work in this direction are offered.
Introduction
Optical astronomy suffers a severe case of blurred vision. The light which comes--almost undisturbed-from distant objects encounters at the end of its journey the Earth's atmosphere, a telescope, and a detector. There it suffers a variety of refraction and scattering processes, which dismally distort the images it carries. Mathematically, the smearing process can be represented as a two-dimensional convolution of the true light profile (as projected on the sky), and the point-spread function (hereafter PSF) of the atmosphere + telescope + detector system. Astronomy is now at the stage where this information barrier is one of the most serious. Certainly, space-based observations will help us resolve many of the mysteries on scales smaller than an arcsec; but most of optical astronomy will still be done from the ground for many decades to come. Thus we must try our best to recover some of that hidden information, or, at least, understand quantitatively the effects of seeing.
The main purpose of this paper is to demonstrate how application of the simple fast Fourier transform (FFT) techniques can be used to model the seeing effects, and thus, hopefully, helps us regain some of the hidden morphological information. The methods discussed here can also be applied in planning of space-based observations.
The light distributions in cores of elliptical galaxies and bulges of disk systems have been a subject of lively debate and controversy. How is the true light distribution changed due to seeing, and what can we say about it by using presently available ground-based observations? The problem was approached by several authors in the past, e.g., Frandsen & Thomsen (1979 , 1980 , Nieto (1980 Nieto ( , 1983a , Bendinelli, Parmeggiani & Zavatti (1981) , Schweizer (1979 Schweizer ( ,1981 , Lauer (1983) , Djorgovski (1981), and Capaccioli & de Vaucouleurs (1983) . It is of interest to consider both radial and azimuthal redistribution of light.
Most authors have neglected the effects of seeing in optical observational cosmology, although some have tried to account for them by assuming a Gaussian PSF. A more realistic approach is needed, as shown in Section 6. Seeing effects may systematically bias the cosmological tests which rely on the shape of the light profiles of faint galaxies, and also the interpretations of active galactic nuclei (AGN) and quasi-stellar objects (QSO).
Numerical technique employed
Fourier transforms are a well-known tool in the image-processing community for modelling of this kind of problems but are still underutilized by the optical astronomers. In this work, the two-dimensional FFT technique was applied, which made it possible to survey a larger portion of parameter space than was investigated by others, and address some new problems. Descriptions of the profiles and PSFs used are given in Section 3. The real-even symmetry property of all model functions was used (of which elliptical symmetry is a special case). Namely, the Fourier transform of a real-even function is real-even itself, so that only a half of each row or column needs to be transformed, and therefore only a quarter of the total array needs to be considered. The basic algorithm was developed by Connes (1971) . In the present work,arrays of size 129 2 (128+central row and column), corresponding to a full image size of 256 by 256 elements, 257 2 and 513 2 were used. Arrays of 65 2 do not provide sufficient dynamical range in terms of widths of profiles and transforms. The pixel size chosen for the profile domain was 0.1 arcsec, with the exception of investigations of effects relevant in cosmology (Section 6), where the scale was optimized from case to case, so as to minimize the computational errors.
One important part of the Fourier procedure is edge tapering (windowing, or apodizing). In the one-dimensional case it is accomplished easily, usually by using a cosine taper. However, in the two-dimensional case unsuspected difficulties arise. Most tapers commonly used in the one-dimensional case, such as cosine or Gaussian tapers, when cylindrically extended and applied to a two-dimensional case, produce spurious wave patterns in the Fourier domain. After some experimentation, it was concluded that the optimal taper consists of the (profile-domain) convolution of two cylinders, here mostly with radii 11.5 arcsec and 1 arcsec. This function is represented by a flattopped cylinder which extends up to a radius of 10.5 arcsec, with a smooth transition to
